Exciton-polaritons are hybrid particles of light and matter that are formed when an optically active material strongly couples to a resonant optical mode.^[@ref1]^ In planar microcavities, these quasiparticles have been observed for a wide range of materials from inorganic quantum wells and bulk semiconductors,^[@ref2]−[@ref4]^ small organic molecules, and polymers^[@ref5]−[@ref8]^ to one- and two-dimensional semiconductors.^[@ref9]−[@ref12]^ One of the distinct properties of exciton-polaritons is their low effective mass, which enables the observation of phenomena like Bose--Einstein condensation^[@ref13],[@ref14]^ and superfluidity,^[@ref15],[@ref16]^ even at room temperature,^[@ref17]−[@ref20]^ leading to applications such as polariton lasers.^[@ref21]−[@ref24]^ Combining a low-mass polariton with a (fractional) charge would result in a quasiparticle with a very high charge-to-mass ratio that may lead to polariton-enhanced charge transport under an applied electric field.^[@ref25],[@ref26]^ Charged excitons are usually termed trions (X^±^ or T) and consist of a neutral exciton and an additional hole or electron.^[@ref27]^ They absorb and emit light at lower energies than the exciton^[@ref27]^ and could be employed to create trion-polaritons. Charged (or trion) polaritons were first demonstrated in GaAs/AlAs quantum-well microcavities in the presence of a two-dimensional electron gas^[@ref25],[@ref28],[@ref29]^ and more recently in monolayers of transition metal dichalcogenides^[@ref30],[@ref31]^ at cryogenic temperatures. However, to be able to observe trions and hence trion-polaritons at room temperature, a large binding energy is necessary. The binding energies of both excitons and trions dramatically increase when the dimensionality of the system is reduced.^[@ref32]^ Trions have been experimentally observed at room temperature in doped monolayers of transition metal dichalcogenides (TMDs)^[@ref33],[@ref34]^ and more clearly in semiconducting single-walled carbon nanotubes (s-SWCNTs).^[@ref35]−[@ref38]^ For s-SWCNTs the energy difference (Δ*E*) between the trion and exciton depends on the diameter (*d*) of the nanotube as (where *A* and *B* are fitting parameters). Δ*E* represents the sum of the trion binding energy and the exchange splitting. It ranges between 100 and 200 meV in s-SWCNTs,^[@ref35]^ compared to only 30 meV in TMDs.^[@ref33]^ For the latter, the exact nature of the state is also currently under discussion.^[@ref30],[@ref39]^ Aside from the very large trion binding energy, s-SWCNTs combine a number of advantageous properties for potential trion-polariton formation and its impact on charge transport. Similar to the excitonic transitions in carbon nanotubes, trions exhibit a small Stokes shift.^[@ref37]^ Although the maximum achievable trion absorbance for a given s-SWCNT concentration or film thickness is about 4 to 5 times lower than that of the excitonic S~11~ transition, it is still large enough to achieve strong coupling in medium quality cavities when using dense films. In contrast to TMD materials, creating thick films or stacks of s-SWCNTs does not substantially degrade their optical and electronic properties.^[@ref9]^ The charge carrier mobilities in dense, solution-processed s-SWCNT networks (5--50 cm^2^ V^--1^ s^--1^)^[@ref40]^ are still very high. In addition, both electron- and hole-doping are possible: chemically, electrochemically, and electrostatically.^[@ref35],[@ref36],[@ref41]^ After sorting and purification, monochiral samples of SWCNTs with defined optical properties and narrow line widths can be obtained that are suitable for optical as well as charge transport experiments. The semiconducting nanotube species that is easiest to purify in large amounts, the small-diameter (6,5) SWCNTs (*d* = 0.757 nm),^[@ref42]^ exhibits trions with a line width of about 40 meV and very high binding energies. The (6,5) trion at 1.07 eV is red-shifted by about 190 meV from the excitonic S~11~ transition^[@ref36],[@ref37],[@ref43],[@ref44]^ and should thus be ideal for demonstrating trion-polaritons at room temperature in suitable microcavities.

We previously demonstrated neutral exciton-polaritons with a large Rabi splitting of more than 110 meV in simple metal-clad microcavities with (6,5) SWCNTs that could be excited optically and electrically and for which the coupling strength was tunable by field-effect induced charge accumulation.^[@ref9],[@ref45]^ Here, we report strong trion--photon coupling and observe emissive trion-polaritons at room temperature with an energy splitting of more than 70 meV. Reversible electrochemical doping of (6,5) SWCNTs in a metal-clad electrochromic cell enabled gradual tuning between neutral exciton-polaritons with ultrastrong coupling and charged trion-polaritons. The estimated charge-to-mass ratio was up to 200 times higher than that of electrons or holes in s-SWCNTs. Doped s-SWCNTs in microcavities thus represent a fascinating and tunable system to study polaritonic charge transport.

Results and Discussion {#sec2}
======================

A simple planar electrochromic device geometry was used to vary the doping state of a dense nanotube film within a planar metal-clad microcavity. Purified polymer-sorted (6,5) SWCNTs were prepared by shear-force mixing^[@ref42]^ and filtered to form a smooth and dense film (thickness ∼200 nm, see [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.7b01549/suppl_file/ph7b01549_si_001.pdf) for absorbance spectra, [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.7b01549/suppl_file/ph7b01549_si_001.pdf)). The film was transferred onto a gold working electrode (30 nm) on glass that also acted as a bottom mirror. Another dense, filtrated film of mixed metallic/semiconducting nanotubes (m-SWCNTs) was deposited next to it as the counter electrode (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.7b01549/suppl_file/ph7b01549_si_001.pdf) for experimental details). Part of the (6,5) SWCNT film was covered with a thermally evaporated 120 nm thick layer of gold as the top mirror of the cavity. An iongel based on the ionic liquid \[EMIM\]\[TFSI\] (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a for molecular structure) was spin-coated onto the sample as an electrolyte to enable electrochemical doping, as previously shown for similar geometries.^[@ref37],[@ref46]^ The final device structure is schematically illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a.

![(a) Device layout of (6,5) SWCNTs embedded in a metal-clad microcavity that are electrochemically doped by applying a bias between the working and the counter electrode (mixed nanotubes, m-SWCNT). (b) Absorbance spectra of a representative (6,5) SWCNT film in the undoped (green), moderately hole-doped (orange) and highly doped (black) regime. (c) Contour plot of voltage-dependent absorbance of the (6,5) SWCNT film showing reduced exciton absorption and enhanced trion absorption for increasing hole doping (higher positive voltage). The maximum excitonic absorbance was 2.9 (at −1.6 V), for better visibility of the trion, the absorbance scale was restricted to a maximum value of 1.5.](ph-2017-01549a_0001){#fig1}

As this device geometry corresponds to a typical electrochromic cell,^[@ref46]^ we use the electrochemical convention for the assignment of electrodes and voltages. That is, when a positive voltage is applied to the cell the working electrode is polarized with holes. Anions of the iongel move toward the working electrode and form electric double layers around the (6,5) SWCNTs. This leads to hole-doping of the entire nanotube film (working electrode). Electrolyte cations move to the counter electrode with the mixed nanotubes and induce an equivalent number of electrons. The sample essentially acts as a planar supercapacitor with a semiconducting working electrode. Since all measurements were carried out in air and the water/oxygen redox couple suppresses electron conduction,^[@ref47]^ no electron-doping was possible. Further, the (6,5) SWCNTs were slightly hole-doped by oxygen to various degrees,^[@ref46]^ such that negative voltages had to be applied to reach the neutral state and the related maximum exciton emission/absorption.

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b shows the absorbance spectra of such a (6,5) SWCNT film (without cavity) in the three main doping regimes: The undoped/neutral regime (−1.6 V) is characterized by one main excitonic (X) absorption peak at 1.26 eV and one at 1.44 eV identified as the exciton--phonon sideband (sideb.) of the (6,5) nanotubes.^[@ref48]^ Note that the absorbance can be tuned continuously by the applied voltage between the three regimes (see [Figure S2, Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.7b01549/suppl_file/ph7b01549_si_001.pdf)). In the moderately hole-doped regime (0.0 V), the oscillator strength of the exciton and phonon sideband is reduced and a third peak, attributed to the positively charged trion (T), appears at 1.07 eV.^[@ref37]^ At very high hole-doping levels (+1.6 V), all three absorption peaks disappear and only a broad absorption band (*H*-band)^[@ref49]^ remains. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c presents a more detailed contour plot of the absorbance spectra of the (6,5) SWCNT film for voltages between −1.6 V and +1.6 V that also reveals a slight blue-shift of the trion and exciton absorption of up to 30 meV with increasing hole doping. This shift is possibly caused by doping-induced band gap renormalization.^[@ref50]^

Angle-resolved reflectivity and photoluminescence spectra of the cavity for different applied voltages and doping regimes were recorded using a Fourier-imaging setup, as described previously^[@ref9]^ (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.7b01549/suppl_file/ph7b01549_si_001.pdf)). [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows the angle-dependent reflectivity (R) and photoluminescence (PL) for TM polarization in the undoped regime. The lower polariton (LP) mode of an exciton-polariton with relatively flat dispersion is evident. Two upper polariton modes above the exciton (MP2, UP) are shown in [Figure S3 (Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.7b01549/suppl_file/ph7b01549_si_001.pdf)). The large energy splitting of around 0.5 eV between LP and UP indicates ultrastrong coupling. For similar measurements on a different sample with different detuning see [Figure S4 (Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.7b01549/suppl_file/ph7b01549_si_001.pdf)).

![Angle-resolved reflectivity (R, left, negative angles) and photoluminescence (PL, right, positive angles) spectra for TM polarization of the lower polariton branch (LP) in (a) the undoped regime and (b) the moderately hole-doped regime. The latter shows splitting of the LP into a lower LP and a new middle polariton mode (MP). The observed LP (orange solid line) and MP (black solid line) were fitted to the reflectivity spectra (R, left, negative angles) using the coupled oscillator model with the uncoupled modes for the exciton (X, dashed black line), trion (T, dashed black line) and the bare cavity (cav, red dashed line). Calculated fractions of uncoupled modes in the LP for the (c) undoped and (d) moderately doped regime are shown. See [Figure S5 (Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.7b01549/suppl_file/ph7b01549_si_001.pdf)) for fractions of the other polariton modes.](ph-2017-01549a_0002){#fig2}

After application of a moderate positive voltage (+0.5 V) and thus hole doping of the (6,5) SWCNTs, the LP splits into two modes below and above the trion energy, forming a lower polariton and a middle polariton (MP), respectively, with a minimum energy splitting of (77 ± 1) meV (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). The presence of positively charged trions and the avoided crossing at the trion energy clearly indicate the formation of trion-exciton-polaritons. Photoluminescence occurs from the new LP closely following the dispersion observed in reflectivity. The modes of the exciton-polariton and trion-exciton-polariton in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a and b, respectively, can be fitted with the coupled-oscillator model^[@ref51],[@ref52]^ using the Hamiltonian:Here *X* and *T* are the exciton (1.26 eV) and trion (1.07 eV) energies, respectively. Both modes couple strongly to the cavity mode *C* with the coupling potentials *V*~X~ and *V*~T~ between the cavity mode and the exciton or trion, respectively. No direct coupling between the exciton and trion is assumed. The angular dispersion of the cavity mode in a planar microcavity follows the relation:with *C*~0~ being the cavity mode energy at 0° emission angle. The detuning Δ of the cavity is given by *C*~0~ -- *X*. For the exciton-polariton ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) in the undoped regime, the trion coupling potential *V*~T~ was fixed to zero.

The fit of the lower polariton branch of the exciton-polariton in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a results in an exciton coupling potential *V*~X~ of (197 ± 8) meV, an effective refractive index *n*~eff~ of (1.94 ± 0.02) and a cavity detuning of Δ = (−55 ± 3) meV. For the trion-exciton-polariton ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), the fit yields a trion coupling potential *V*~T~ of (54 ± 6) meV, in agreement with the observed mode splitting. In comparison to the undoped case, the exciton coupling *V*~X~ is reduced to (177 ± 9) meV due the reduced excitonic absorbance, similar to previous experiments.^[@ref45]^

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,d shows the fractions of the uncoupled modes (*C*, *X*, *T*) contributing to the LP mode for the neutral and doped case. These were calculated by projecting the initial eigenstates onto the new polariton states. The LP of the trion-exciton-polariton mostly originates from the strong coupling between the trion and the cavity mode, whereas the exciton contributes less than 20% (see [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d and [S5, Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.7b01549/suppl_file/ph7b01549_si_001.pdf), for more details). Thus, we refer to the new charged polariton simply as trion-polariton.

The angle dependent photoluminescence spectra reveal that while the total brightness of the PL from the LP in the doped state is reduced compared to the pure exciton-polariton, the relaxation dynamics within the polariton branch apparently change upon doping and coupling to trions. The LP of the exciton-polariton shows maximum emission at large angles for TM and at 0° for TE polarization, as previously observed in a similar system.^[@ref9]^ In contrast to that, the LP of the trion-polariton shows maximum emission at 0° for both polarizations (see [Supporting Information, Figures S6 and S7](http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.7b01549/suppl_file/ph7b01549_si_001.pdf)), indicating improved polariton relaxation; possibly due to enhanced polariton-polariton^[@ref18]^ and trion-polariton scattering. The emission from the LP of the exciton-polariton shows a distinct blue-shift of 30 meV compared to its reflectivity whereas for the trion-polariton this offset is almost negligible ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b). In other systems, blue-shifts of the LP branch ranging between 0.1 to 10 meV are observed at high pump fluences and are often associated with polariton-exciton or polariton-polariton interaction.^[@ref18],[@ref23],[@ref53]^ Considering the low pump fluences used in this experiment, the origin of this blue-shift remains an interesting open question.

The appearance of the MP can be further illustrated with reflectivity spectra at a fixed angle of 30° (angle of minimal splitting) for different applied voltages from the undoped to the highly doped regime ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). At voltages above +0.25 V a clear splitting becomes evident and at a bias of +0.55 V the LP and MP have nearly identical line widths and depths of the reflectance minima. The photoluminescence spectrum ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b) in the undoped regime (0.1 V) shows a single emission peak above the trion energy (i.e., lower exciton polariton). This peak splits into two (LP and MP of the trion-polariton) as the voltage increases to 0.25 V. At higher positive voltages, only the emission from the LP of the trion-polariton remains. Its intensity is lower compared to the LP of the pure exciton-polariton, probably due to Auger quenching^[@ref37]^ and bleaching of the S~22~-transition, which decreases the laser absorption. The complete angle-dependent reflectivity and photoluminescence spectra for these voltages and for both polarizations are shown in [Figures S6 and S7 (Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.7b01549/suppl_file/ph7b01549_si_001.pdf)).

![(a) Reflectivity and (b) photoluminescence spectra for TM polarization at a fixed angle of 30° for different applied voltages from 0.9 V (top, strongly doped) to 0.1 V (bottom, barely doped). (c) Spectral position of LP and MP at 0° and (d) voltage-dependent splitting between LP and MP at minimal splitting angle (30°).](ph-2017-01549a_0003){#fig3}

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c shows the energetic positions of the LP and MP (at 0°) as a function of voltage in more detail. While the MP blue-shifts nearly linearly with voltage and carrier density, the LP shifts to slightly lower energies due the additional coupling to the trion. For higher voltages, it also blue-shifts, which indicates a decrease of trion and exciton oscillator strength. The broadening of the trion resonance with increasing voltage (see [Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c or [S2, Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.7b01549/suppl_file/ph7b01549_si_001.pdf)) also causes broadening of the MP (see [Figures S6 and S7, Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.7b01549/suppl_file/ph7b01549_si_001.pdf)), rendering the coupled oscillator fit unreliable at a bias above +0.7 V. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d shows the increasing energy splitting between MP and LP as a function of voltage in the experimentally observable strong coupling regime between +0.45 and +0.7 V.

The trion and exciton coupling potentials (*V*~X~ and *V*~T~) in the strong coupling regime were obtained by fitting the coupled oscillator model to the angle resolved reflectance for all applied voltages. Their dependence on voltage is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a. The trion coupling potential *V*~T~ increases and the exciton coupling potential *V*~X~ decreases with increasing positive voltage, that is, hole-doping. This correlation indicates oscillator strength transfer from the exciton to the trion in the moderately hole-doped regime as previously observed in inorganic charged polariton systems.^[@ref25],[@ref54]^ In order to visualize this transfer more clearly, the squared coupling potentials were plotted versus each other in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. As the coupling potential should roughly scale with the square root of the oscillator strength,^[@ref51]^ in analogy to a two-level system, a linear correlation further corroborates oscillator strength transfer. The slope in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b represents the proportionality factor γ between exciton and trion oscillator strength^[@ref54]^ (*f*~X~ and *f*~T~, respectively):Here γ = 3.2 ± 0.8 is larger than one, which means that the summed oscillator strength *f* = *f*~X~ + *f*~T~ is not conserved in this system.

![(a) Voltage-dependent trion (*V*~T~, red) and exciton (*V*~X~, black) coupling potentials (including error bars) obtained by fitting angle-resolved reflectance data for different applied voltages. (b) Linear correlation between squared exciton and trion coupling potentials in the moderate doping regime, indicating oscillator strength transfer with a slope of γ = 3.2 ± 0.8.](ph-2017-01549a_0004){#fig4}

The low mass of trion-polaritons as charged quasiparticles may have consequences for charge transport in microcavities. According to conventional semiconductor theory the carrier mobility is directly proportional to the charge-to-effective-mass ratio and the time between scattering events. For example, the carrier mobility of s-SWCNTs scales with the square of the diameter as a result of the decrease of both the effective mass and the scattering rate with increasing diameter.^[@ref55],[@ref56]^ Rapaport et al. estimated for trion-polaritons in GaAs/AlAs quantum-well microcavities in the presence of a two-dimensional electron gas that their low mass and thus high charge-to-mass ratio could lead to significantly higher drift velocities in an electrical field.^[@ref25]^ To estimate the potential for polariton-enhanced charge transport in s-SWCNTs, we calculated the effective inertial mass (related to wavepacket propagation)^[@ref57]^ of the trion-polariton from the dispersion of the LP and derived the theoretical charge-to-mass ratio by taking into account the fraction of the trion charge in the LP usingwhere *e*~0~ is the elementary charge, \|α~LP,T~\|^2^ the trion fraction of the lower polariton and *E*(*k*) is the angular energy dispersion of the lower polariton mode. The resulting charge-to-mass ratio at 0° emission angle is about 200× higher than that of an electron or hole in s-SWCNTs^[@ref56]^ (see [Supporting Information, Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.7b01549/suppl_file/ph7b01549_si_001.pdf)) and remains large, even for nonzero angles.

The simple structure used in our experiments, however, is not suitable for investigating polaritonic transport due to the random nanotube orientation, metallic mirrors and the unwanted effects of any additional bias (e.g., between the gold mirrors) on the doping concentration and trion distribution in the cavity. Nevertheless, a planar source-drain electrode structure as in electrolyte-gated s-SWCNT transistors^[@ref37]^ in combination with dielectric mirrors for a cavity perpendicular to the transport direction might be suitable. The necessary concentration of trions in the (6,5) SWCNT film could be fixed by freezing the ionic motion in the iongel at low temperatures or by chemical instead of electrochemical doping. To avoid the problem of hopping between nanotubes in random networks as a bottleneck, short channel transistors with dense aligned films of nanotubes^[@ref58],[@ref59]^ integrated in a high-quality cavity might be used to observe trion-polariton transport.

Conclusions {#sec3}
===========

In conclusion, we demonstrated voltage-tunable formation of charged polaritons (trion-polaritons) in simple planar microcavities with (6,5) single-walled carbon nanotubes at room temperature. The energy splitting between the lower and middle polariton mode reached 70 to 100 meV. In addition to the observed splitting at moderate doping levels, trion-polariton emission occurred almost exclusively from the lower polariton, which showed a strong trionic character and thus a large fractional charge. Combined with the very low effective mass of the trion-polariton owing to its photonic character the estimated charge-to-mass ratio was up to 200× larger than that of electrons/holes in semiconducting carbon nanotubes. This effect could be potentially utilized for enhanced charge transport in polaritonic devices.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsphotonics.7b01549](http://pubs.acs.org/doi/abs/10.1021/acsphotonics.7b01549).Sample preparation, design, and analysis of reflectance and photoluminescence measurements; absorption spectra of (6,5) nanotube dispersion and film; film absorption spectra for different applied voltages; full reflectance spectra for a neutral nanotube film in a cavity from 0.9 to 1.7 eV; absorbance, reflectivity, photoluminescence, fractions of uncoupled modes for a different hole-doped (6,5) SWNT cavity; calculated fractions of uncoupled modes in polariton modes, angle-dependent reflectance and photoluminescence spectra at different voltages for TE and TM polarization, calculated charge-to-mass ratio of trion-polariton at different voltages ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.7b01549/suppl_file/ph7b01549_si_001.pdf)).
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